I
on channels provide the most rapid way of communication between the cell interior and the external environment by exploiting the differences in electrolyte composition between the internal and external cellular milieu to transmit electrical and chemical signals (1) . Voltage-gated ion channels in particular open and close in response to changes in the membrane electrical potential. Voltage-gated K + and Na + channels induce nerve impulses whereas voltagegated Ca 2+ channels initiate muscle contraction and other cellular processes (1) . High-resolution X-ray crystallographic structures of some of these proteins have already been determined, showing that they are composed of four subunits, each consisting of six transmembrane segments (S1-S6) and forming two functionally linked, although structurally independent, domains (2-4). The ion conduction pore responsible for selectivity is formed by helices S5 and S6. This pore domain is surrounded by the loosely adherent segments, S1 to S4, which form the voltage sensor. S3 is actually composed of two helices referred as S3a and S3b. S3b forms with S4 a helix-turn-helix called the voltage-sensor paddle (3). The fourth transmembrane helix, S4, is the primary voltage-sensing unit. Four to seven positively charged amino acid spaced at intervals of three in the S4 helix and known as gating charges, and some negatively charged residues distributed in S1, S2, and S3, move in response to change of transmembrane voltage, activating upon membrane depolarization (positive inside relative to outside) and driving the opening of the channel. These sensors are arranged as nearly independent domains, with much of their surface surrounded by lipids even if direct exposure of S4 sensors to lipid is contrary to the classical expectation that the dielectric difference between the membrane hydrocarbon core and the aqueous solution presents an energetic penalty to burial of electric charges (5).
Models of Voltage Sensing
The molecular mechanisms underlying voltage sensing have been a matter of intense study and debate, in particular the position of the S4 helix relative to other parts of the protein and the extension to which this helix moves during the early stages of activation and the final opening transition. Over the years, several models have been proposed to rationalize the plethora of experimental functional and indirect structural analysis reported in the literature. For instance, in the "sliding helix" or "helical screw," S4 is hypothesized to rotate and/or translate within a protein-lined aqueous gating pore upon depolarization, making sequential interactions with negatively charged residues (6) (7) (8) . In contrast, in the transporter model, S4 charges are not displaced very much in the membrane (9) . In the "paddle model" of gating based on the high-resolution structure of the KvAP K + channel (3), instead, the S4 sensors are thought
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to move ∼15 to 20 Å through the lipid bilayer with respect to the pore domain in response to transmembrane voltage changes during gating (10).
Characterization of a Complete
Voltage-Sensor Cycle Despite significant progress made in understanding the structure and function of voltage-gated ion channels, insight into voltage gating and a molecular description of the mechanical connection by which conformational changes in the sensor are transmitted to the ion pore through the linker helix have been hindered somehow by the lack of a crystal structure of a fully closed state. The report by Henrion et al. in PNAS (11) describes how a combination of computational and experiment work is being used to investigate a complete voltage-sensor cycle, shedding some light onto some of these questions. Remarkably, the study describes 20 unique interactions between transmembrane segments of the voltage sensor by using one open and four different closed conformations obtained by characterization of Cd 2+ bridges with cysteines and by building structural models using these experimental constraints. Subsequently, weaker cysteine-Cd 2+ and multiple glutamate and aspartate interactions were used to assess predictions provided by the models. Starting from a structure of an open conducting state of a voltage-gated K + channel, Henrion et al. (11) used homology models built based entirely on experimental information and without a priori assumption of the position of S4, and all-atom molecular dynamics simulations, to characterize the conformational changes involved in switching to the closed, nonconducting state. Additional simulations revealed the major steps in the voltage-gating cycle. A gating model is proposed where a 3 10 -helix slides along the sequence of S4, eliminating the requirement of a rigid-body rotation of the entire S4 helix and minimizing in this way the energetic cost associated with the process. S4 slides by ∼12 Å relatively to an almost rigid S1, which is also in agreement with the paddle model. However, in contrast to the paddle model, S4 also moves along S3. The models and results presented give a glimpse of several intermediate conformations during voltage gating and show that S4 is clearly optimized as a voltage sensor. They also support a recent gating model characterized by multiple transitions that occur within each voltage sensor before a final transition closely associated with pore opening takes place whereby the sequential motion of S4 gating-charge residues past a conserved Phe residue (12) . On their own, these observations are consistent with previous experimental data and with recent computational work (13) in which translation of S4 relative to S1 and S3a is coupled with a rotation of S4 that is suggested to keep the gating-charge residues pointed toward the voltage sensor lumen.
In addition to a fully characterized voltage-sensor cycle, what is most significant about this work is the symbiosis between experiments and computational modeling and simulation. Understanding the structural and molecular basis of voltage sensing in ion channels is of considerable pharmaceutical and clinical interest, and, until now, structural and biophysical experiments have been done on a relatively small number of voltageactivated ion channels, mostly Shaker, Kv1.2, and KvAP. A comprehensive description of voltage-dependent gating at molecular level profits from the combination of experimental and computational approaches such as the one described by Henrion et al. (11) . The data presented by Henrion et al. describe many specific predictions that are likely to catalyze further research and additional experiments that will extend our understanding of ion channel properties and their function, in particular, for the large family of ion channels and enzymes that contain S1
to S4 domains such as cyclic nucleotidegated channels or transient receptor potential channels.
